It is well known that recombination and transport rule the performance of dye sensitized solar cells (DSC's); although, the influence that these two phenomena have in their performance, particularly in the open circuit-potential (V oc ) and in the short circuit current (J sc ), is not fully understood. In this paper a phenomenological model is used to describe the quantitatively effect that transport and recombination have in the performance of the solar cell and their influence in its optimal design. The model is used to predict the influence of the recombination reaction rate constant (k r ) and diffusion coefficient (D eff ) in the V oc and in the J sc , whether a linear or non-linear recombination kinetic is considered. It is provided a methodology for decoupling the conduction band shifts from recombination effect in charge extraction experiments. Results also suggest that the influence of recombination in the V oc and in J sc is highly dependent on the reaction order considered. This fact highlights the importance of considering the reaction order when modeling data obtained by experimental methods. The combined results are analyzed and discussed in terms of the collection efficiency and in the optimization of the photoelectrode thickness. The model provides also a useful framework for exploring new concepts and designs for improving DSCs performance.
Introduction
The dye sensitized solar cell (DSC) is a potentially low cost photovoltaic technology that recently has achieved 12 % efficiency by two different approaches 1, 2 . A very recent work reported an energy conversion efficiency of 15 % for a new sensitized solar cell For solar cell to produce electrical energy, the forward electron transfer reactions (k 11 , k 21 , k 3 and k 4 ) must overcome the possible electron lost pathways (k 12 , k 22 and k 5 ). The time constant ranges of each reaction are illustrated in Figure 2 5 . The recombination reaction of electrons with electrolyte species (k 5 ) is considered to be one of the most important energy efficiency bottlenecks. Because the electrolyte is present throughout all the porous structure of the semiconductor, the recombination reaction is affected by the photoelectrode thickness, iodide concentration, dye structure and others. [6] [7] [8] [9] The average electron diffusion coefficients in anatase TiO 2 ranges between 10 -4 to 10 In this work a dynamic phenomenological model proposed initially by Andrade et al. 24 is used to describe the quantitatively effect that transport and recombination have in the performance of the solar cell, and the influence that this has in its design. The model is used to predict the influence of the recombination reaction rate constants (k r ) and diffusion coefficients (D eff ) in the V oc and J sc , considering linear or non-linear recombination reaction. The results are helpful, particularly in decoupling phenomena seen in charge extraction experiments that are usually used to assess and compare recombination rates among DSC samples.
Modeling
The model used in this work is based on the initially proposed model by Andrade et al 24 but taking into account the recombination reaction order parameter β. The mobile species considered in the present model are electrons in the conduction band of TiO 2 and iodide and triiodide ions in the liquid electrolyte. The developed model of an irradiated DSC assumes the following physical and chemical processes:
1) electron generation (from excited dye molecules);
2) electron transport in the porous semiconductor (TiO 2 );
3) electron recombination with electrolyte species; 4) oxidation of iodide (inside the pores of TiO 2 ); 5) and reduction of triiodide (at the platinum catalyst).
It is assumed that the cell is irradiated perpendicularly to the photoelectrode and that each absorbed photon generates one injected electron into the TiO 2 conduction band. All injected electrons are considered from the excited state of the dye, and not from TiO 2 band gap excitation. Reactions (1) and (2) are considered irreversible since their forward kinetic constants are much higher that the corresponding reverse kinetic constants (k 11 >> k 12 and k 21 >> k 22 )
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Therefore only one possible mechanism for electron loss is assumed, corresponding to the recombination reaction of electrons with electrolyte species (5). Figure 3 illustrates the modeled DSC. The photoelectrode is deposited over the TCO layer, which has an electrical resistance of R TCO , and is made of a film of sintered TiO 2 nanoparticles with thickness L f and porosity ε. The dye is adsorbed on this mesoporous film of TiO 2 as a monolayer. The dye has a wavelength-dependent light absorption coefficient of α(λ).
The liquid electrolyte, made of the redox pair I − / I 3 − (with diffusion coefficients I − and I 3 − ), is responsible for the regeneration of the dye, transporting low energy electrons from the counterelectrode. The TCO-TiO 2 interface was defined to be at x = 0. This interface is modeled as an ideal ohmic contact, meaning that there is no charge transfer resistance at the interface. At the counter electrode, the interface electrolyte-platinum catalyst happens at x = L and the electrochemical reduction of I 3 − was described by the Butler-Volmer equation. The electron transport in the photoelectrode was assumed to be governed by diffusion (negligible convection) 18 . From the previous assumptions, the continuity and transport equation that describe the mobile species is 24 :
The first term on the left hand side of equation (6) = −
and the generation rate is given by the Beer-Lambert law that relates the absorption of light to the properties of the material through which the light is travelling:
Each absorbed photon is assumed to produce one injected electron. The developed model considers a uniformly distributed monolayer of dye through the surface area of TiO 2 . The injection efficiency parameter, inj , takes into account this phenomenon but also the light reflection and glass and electrolyte absorption losses.
For each two electrons that react with triiodide, three ions of iodide are formed (reaction 5). The recombination rate term can be written as follows 26 :
The recombination reaction kinetics is subject of much debate and some of the scientific work published so far considers that this reaction follows first-order kinetics:
where k r is the reacton rate constant and e − is the electron lifetime.
However, several uncertainties surround the recombination kinetics in DSCs and the respective parameters that govern the solar cells behavior. Some models assume that the rate at which electrons are transferred from the conduction band to the redox electrolyte is first order in free electron concentration (β = 1) 27, 28 . However, it has been suggested that deviations from the first order model may arise from the recombination process being mediated by electronic surface states below the TiO 2 conduction band [29] [30] [31] . A non-linear model formulation has then being suggested:
where k r is the reaction rate constant and k 0 is a model constant. The driving force of the recombination reaction is the diference between the generated electrons density, e − ( , ), and the dark equilibrium electron density, eq . This electron density corresponds to the resulting equilibrium bewteen the electron at the fermi level and the redox potential of the electrolyte:
According to the above assumptions the model equations can be written as follows:
Electrons balance
Introducing equations (7), (8) , and (9) into the continuity equation (6) , the continuity equation for electrons comes: 
Assuming that for t = 0 the cell is not illuminated, the electron density is equal to the dark electron density, n eq :
= 0 e − ( , 0) = eq (14) A charge balance at the interface x = 0 determines that the electron flux at x=0 + equals the electron flux at x=0 -. Therefore, the charge balance at this interface is given by e − 0 + = e − 0 − .
Because e − 0 + corresponds to the diffusive electrons transported through the TiO 2 , which in steady state is the net current produced by the solar cell, J cell , the boundary condition for x=0 is: = ; e − = 0 (17)
Iodide and Triiodide balance
Each generated mole of electrons causes the consumption of one mole of I -ion and the production of half mole of I 3 -that can be reduced back to I -form either at the platinum layer or due to the recombination reaction (undesirable back reaction). Besides the reduction of triiodide that takes place at the counter-electrode, the oxidation and reduction reactions of the ionic species take place in the photoelectrode porosity. Accordingly to the stoichiometry reactions (3) and (4) the terms of generation and recombination of triiodide and iodide must be affected by the corresponding coefficients: 
At instant t=0, the concentration of iodide and triiodide is known: 
Although there is generation and consumption of both ionic species, their total number of moles remains constant, thus resulting in the following integral boundary condition:
For the three charged species, e − , I 3 − and I − , the initial and boundary conditions, (14), (16), (17) and (21)- (23), are given and are necessary to solve the three non-linear differential equation system, (13), (18) and (19) . However, additional information is needed at x = 0 to solve the system: the net current at this interface must be known, J cell . Assuming that the external circuit has no resistances, the electron density generated by the cell, J cell , equals the current density that is returned to the cell via the counter electrode, J 0 . Here, electrons participate in the reduction reaction of triiodide to iodide -reaction (4) -catalyzed by the platinum catalyst deposited on top of the TCO surface and thus it can be treated as an electrochemical half-cell 32 ; the charge transfer can be described by the Butler-Volmer equation.
This approach is considered to describe the electrochemical kinetics at this interface x = L+∆ 33, 34 :
The Butler-Volmer equation describes the reduction reaction overpotential at the counter-electrode catalyst as a function of the current density. It describes the charge transfer over a metal/electrolyte interface assuming no charge diffusion limitations in the electrolyte.
The charge transfer reaction at the platinized interface has a charge transfer resistance, R ct . An overpotential is necessary to drive the reaction at a certain current density, J cell . As stated by equation (24), the current density of the cell depends on the exchange current density, J 0, which is the electron's ability to exchange with the solution, but also with the platinum overpotential, η Pt . This value translates the necessary potential to overcome the energy barrier of the reaction of the electrons with the triiodide. This corresponds to an overall potential loss of the solar cell and must be as low as possible 35, 36 . The counter electrode overpotential, η Pt , can be obtained as follows: Analyzing equation (33) is understood that η Pt , and consequently the electrons flux, depends on the internal potential of the solar cell. There are also external resistances that should be accounted for and correlated to the internal resistances; this can be done using Kirchhoff's and Ohm's laws 32 :
where R series is the sum of all external resistances, R ext is the applied load, R p are the shunt resistances, and A the active area of the DSC. Equation (34) should be inserted in counter electrode overpotential equation (33) and then introduced in the Butler-Volmer equation (24) .
Thus the produced current of the solar cell, equation (24), can be determined by the applied load, R ext . The external potential given by the device is calculated taking into account the produced current, the applied load and the other resistances taken into account in the model:
To decrease the number of variables and to improve numerical convergence issues of the numerical methods, the model parameters were made dimensionless respecting to the electron and ionic species parameters and the semiconductor thickness: 
The system of equations (36), (39) and (42) describes the history of the mobile species concentration profiles. The partial differential equations were spatially discretized using the finite differences method. The time integration was accomplished by the numerical package developed by the Lawrence Livermore National Laboratory, LSODA 37 . followed by drying at 80 ºC for 20 minutes. To control the final thickness of the transparent layer of TiO 2 , the screen printing procedure (printing and drying) was repeated as necessary to get the desired thickness of photoelectrode. The samples were annealed at 500 ºC for 15 min in an infrared electrical oven. After firing, the samples were again treated with a 40 mM TiCl 4 aqueous solution at 70 ºC for 20 minutes, before being sintered at 500 ºC for 30 min. The counter electrodes, prepared on the same type of glass substrates and cleaned as described before, were drilled previously with two holes of 1 mm diameter. A drop of H 2 PtCl 6 solution (2 mg of Pt in 1 mL ethanol) was applied on the glass substrate followed by annealing at 400 ºC for 15 minutes. Both electrodes were assembled and sealed using a laser assisted glass frit method described elsewhere 38 . Dye adsorption in the porous TiO 2 was obtained recirculating 1 mM N719 dye solution for 10 hours, followed by ethanol rinsing, nitrogen drying, electrolyte filling (Iodolyte Z-150 from Solaronix®) and hole sealing by thermoplastic sealant (Surlyn®, Dupont).
Experimental

Results and Discussion
Current-Potential Characteristics
The input values of parameters for the simulation step are listed in Table 1 . For each parameter it is indicated if the value was obtained by fitting to the experimental results (parameters k r , β and E c -E redox ) or from an independent source.
The experimental I-V characteristics were obtained in a set-up equipped with a 1600 W xenon light source (Oriel class B solar simulator, Newport, USA) irradiating 100 mW·cm -2 (1 sun light intensity) and using a 1.5 air mass filter (Newport, USA). The simulator was calibrated using a single crystal Si photodiode (Newport, USA). The I-V characteristics of the solar cell were obtained applying an external potential bias (electrical load) and measuring the generated photocurrent. Table 1 . 
Influence of recombination in DSCs
Controlling the recombination reaction is believed to be the key to developing new materials and cell architectures for high efficient DSCs. Thus the interpretation of the recombination rate constants influence in the working mechanisms of DSCs is of extreme importance. 40, 42 . In the previous section the model was compared to experimental results and proved to model well the steady state behavior of the prepared DSCs. In this section, the influence of k r in the performance of the solar cell is assessed. This parameter affects the amount of generated electrons that react back to the electrolyte. Figure 5 shows the simulated I-V curves for recombination rate constants ranging from 5 to 1000 s -1 (β = 1). Clearly, the I-V curve is affected by the amount of electrons that recombine, which is reflected particularly in the J sc and V oc values. 
Interpretation of recombination in charge extraction experiments
The previous section studied the influence of the recombination effect on J sc and V oc ; now, the influence of k r is discussed in terms of charge concentration. Usually charge extraction experiments are used as a tool to assess limitations in the solar cells. 40, 43 The Although there is some debate in the academic field, the exponential behavior of charge density versus potential is commonly attributed to the exponential distribution of the trap states below the conduction band edge of TiO 2 that are able to accept electrons 44 . Because recombination with electrolyte species is believed to occur with electrons in the conduction band, a vertical shift up of the charge density curves generally means that recombination decreases, see Figure   12a . In this figure, however, the value of (E cb -E redox ) was kept constant between simulations, which seldom happen experimentally. When comparing recombination rates from experimental charge density results, there is a high probability that a shift in the semiconductor conduction band edge also occurs. The E cb shift is caused by differences in the surface electric field between the TiO 2 and the electrolyte. It can be caused by several factors, such as electrolyte composition [46] [47] [48] [49] , surface treatments of TiO 2   50, 51 , dye molecular properties 52 , dye adsorption methods 40, 53 , temperature changes 54 , among others. In Figure 12b the charge density is plotted versus the applied potential for several values of (E cb -E redox ) and for k r =14 s -1
. Figure 12b shows that a relative shift of E cb compared to E redox corresponds to a lateral displacement of the curve in the plot. The maximum attainable V oc is affected mainly by two contributions: (E cb -E redox ) and k r 55 ; because k r has been fixed, the difference in the V oc between simulations corresponds to the actual ∆(E cb -E redox ) between curves. . All other parameters are given in Table 1 , device B.
When charge extraction experiments are used to compare recombination between cells the E cb shift can mask the effect of changes in k r 40, 56, 57 . Thus, it is crucial knowing how to decouple both processes for assessing the recombination rates taking into account changes in E cb . In Figure 13a changes in k r and shifts in E cb are considered between simulations. This is an example of what could be expected in experimental results. Direct analysis of the plot does not allow taking conclusions about which curve belongs to solar cells with higher or lower recombination rates. In this case, the lateral displacement of the curves caused by the relative change in E cb masks the vertical displacement caused by different recombination rate constants. 
Optimization of electrode thickness
Throughout this work the influence of electron recombination and charge transport in the performance of DSCs was studied. Some critical aspects that must be taken into account in interpreting charge extraction results have been discussed. Now, the relevance of electron recombination and transport within the photoelectrode is evaluated in the design of solar cells. Figure 17 shows the I-V curves for DSCs with several photoelectrode layer thicknesses. . All other parameters are given in Table 1 , device B. Figure 17 points out an obvious conclusion: for a given DSC system, there is an optimum thickness of semiconductor. This fact is many times observed in real devices, and is usually optimized experimentally 58, 59 . The photo-electrode optimum thickness is related to the length that a generated electron can diffuse before recombining with electrolyte species; this is called diffusion length, L n 26, 60, 61 . Given a certain effective electron diffusion coefficient, D eff , a semiconductor thickness, L f , and a recombination reaction rate constant, k r , two parameters can be defined: the electron lifetime, − , and the transport time, . The lifetime depends on k r , and the transport time on D eff and L f . The charge collection efficiency, η cc , can now be written; it depends of electron transport in the mesoporous semiconductor and recombination losses. If charge collection is much faster than charge recombination, then η cc value will be higher. The electron collection efficiency, η cc , can be given by 62 :
The relation between the ratio of lifetime and transport, and the active layer thickness and diffusion length has been established by Bisquert et al. 25 and included in eq. When recombination does not occur predominantly via the conduction band, the electron diffusion length can no longer be defined as previously, giving rise to a non-linear reaction order 29, 30 . Assuming for a defined device that the two ruling processes of transport and recombination are held constant, increasing the semiconductor thickness will reduce the collection efficiency as shown in Figure 18 ; increasing the recombination, η cc still decreases with L f . This implies that the optimum thickness of active layer is highly dependent on the relation between transport and recombination in the solar cell. Table 1 , device B.
In the same way, the electron effective diffusion coefficient plays an important role in the collection efficiency. Using a constant value of k r , the influence of D eff in the performance of the DSC can be determined, as illustrated in Figure 19 . By increasing D eff the transport time becomes lower and η cc and η increase. However, for the assumed device parameters (cf. collection efficiency since the recombination is relatively small. Nonetheless, it is safe to state that the performance of the solar cell would greatly benefit from higher electron conductivities in the semiconductor. ), the optimum photoelectrode thickness is twice the normal thickness (from 15 µm to 30 µm) and the DSC efficiency increases more than 2 percentage points (from 8 % to 10 %). The highlighted points in the curves in Figure 16 (black diamonds) are the respective optimum thicknesses values. As expected, as the recombination rate decreases and/or the electron diffusivity increases, the optimum photoelectrode thickness increases. Figure 17 shows that the influence of k r and D eff at the optimum photoelectrode thickness is exponential. Table 1 .
In fact, a very recent report by Crossland et al. 63 showed that a new mesoporous TiO 2 single crystal has electronic mobility values over one order of magnitude higher than the typical 
Conclusions
Phenomenological modeling is a powerful tool to study the fundamentals of DSC operation.
The transient model used considers the continuity equations for the three modeled species (electrons, iodide and triiodide) and their respective initial and boundary conditions. It is 
